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Abstract. We designedtwo storagering modelsfor 6 dimensionalphasespacecooling of
intensemuonbeamfor theneutrinofactoryandthemuoncollider, by usingtheSYNCHcode.
We demonstratethe6 dimensionalmuonphasespacecoolingwith thefirst 8 cell coolingring
modelby usingatrackingsimulationcode,ICOOL,with distributedLithium lenseswith the �
at 30 cm,wedgeabsorbers,andRF cavities, with themuonmomentumat 500MeV/c. Phase
spacecoolingis doneby thetransverseionizationcooling,andthewedgeabsorberscontribute
to theemittanceexchangefrom thelongitudinalphasespaceto thetransversephasespace.

The secondmuoncooling ring hasa 1.25 m long Lithium lenswith the � at 1 cm in a
straightsectionof a racetrack ring. Trackingsimulationstudyis in progressto demonstrate
the6 dimensionalphasespacecoolingof muonbeam.

1. Introduction

In orderto reducethe6 dimensionalphasespaceof muonswithin their lifetime, theionization
cooling is consideredto be one of the most promising method, where both transverse
and longitudinal momentaare reduceddue to the energy loss in absorbers,and the only
longitudinalcomponentsof themuonmomentaarerestoredthroughtheacceleratingfieldsof
RF cavities. Themultiple Coulombscatteringcontributesto heatthetransversephasespace.
And thenormalizedtransverseequilibriumdependsonmaterialkindsandthetransversebeta
function wherean absorberis located.Becauseof the difficulty of extractionandinjection,
muoncoolingringshaveto bedesignedwithoutusingsolenoidasfocusingelements.Initially,
we designedmuon cooling rings with quadrupolemagnets,RF cavities, wedgeabsorbers
of liq. �
	 . [1] In order to increasethe acceptanceand to reducethe circumference,we
thendesignedmuoncoolingringswith zero-gradientdipolemagnetswith edgefocusing,RF
cavities, and liq. �
	 wedgeabsorbers.Work is still in progressin improving the cooling
performancein muoncoolingrings.

Lithium lens is an active focusingelementwith energy absorberfunction at the same
time. With � at 1 cm with high currentdensityLithium lenses,the normalizedtransverse
emittancecanbeat 100-200mm � mrad,which is low enoughfor a 
���
�� collider.

By usingthemuoncoolingringsandrepeatthephasespacecoolingmultiple times,the
costof the muoncooling channelcanbe reducedfor the NeutrinoFactorydesigns,andby
usingLithium Lenswith smallbetain a storagering, the6 dimensionalphasespacecooling
canbeachievedfor themuoncolliderdesigns.

2. Phase space cooling in a muon cooling ring

Figure1 showsaschematicdiagramof a � Factoryanda 
 � 
 � collider. Two stagesof muon
phasespacecoolingringsareusedin thefigure.

In the longitudinal phasespace,a wedgeabsorberin a dispersive region can reduce
the energy spreadof muons,wherethe stragglingof the dE/dx and the slopeof the dE/dx
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as a function of the muon momentacontributes to heat the longitudinal phasespaceby
widening the energy spread. The wedgeabsorbersperform the emittanceexchangefrom
the longitudinalphasespaceto the transverse(horizontal)phasespace,dueto thechangeof
the muontrajectoriesin a storagering whenrelative muonmomentawerechangedthrough
absorbersin dispersive regions. Table 1 lists a comparisonof an electrondampingring
anda muoncooling ring on elementsof damping,excitation, andthe partition numbersin
the transversephasespaceand in the longitudinal phasespace. Partition numbersin the
Robinson’stheoremarealsolisted.Themuoncoolingring with wedgeabsorbersis similar to
thewell known electrondampingringsin thedampingandexcitationterms.

Figure1 shows a schematicdiagramof a � Factoryanda ������� collider. Two stagesof
muonphasespacecoolingringsareusedin thefigure.

Figure 1. A schematicdiagramof a � Factoryanda ������� collider
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We designedan eight cell ring, with eight 45 degree bendingcells, with a storage
ring designcode,SYNCH [3] by usingtwo setsof zero-gradientdipole magnetswith edge
focusing. Figure2 shows a schematicdiagramof the eight cell muoncooling ring, anda
blow-up of a half of a 45 degreebendinglattice. A circumferenceis 28.8m anda radiusis
4.6 m. 2.5 cm long liq. O3P wedgeabsorberand7 cm long Lithium lenswith field gradient
of 3.3Tesla/m,a setof two 0 gradientdipolemagnetswith bendinganglesof 44 degreeand
-22 degreewith edgefocusing,anda half of a 201 MHz RF cavity is shown in a half of a
45 degreecell. Thecell lengthis 3.6m. Figure3 shows QSR6TUQSV and W in a 45 degreebending
cell in theSYNCH modeling. The maximumQSR is 1.8 m, andthemaximumQSR is 2.7 m at
the outsidedipoles. At the centerof the 45 degreecell wherethe liq. O
P wedgeabsorbers
andLithium lensesareplaced,theminimum QSR , QSR are30 cm each,andthemaximumW , the
dispersion,is 38cm.

SYNCH is a linear matrix programto designa storagering. It doesnot have any of
the following, accelerationthroughRF cavities, dE/dx energy lossandstraggling,multiple
Coulombscatteringin theabsorbersor in theLithium lenses,andtheeffectof nonlinearfield
on particle tracking. We usethe fitted valuesof the ring parametersof SYNCH as input
parametersof theICOOL [4], a trackingcodewith nonlinearfield configurations.

Table2 lists parametersof the eight cell muoncooling ring. Figure4 shows evolution
of thenormalizedtransverseemittances,XZY+R , XZY<V , andthenormalizedlongitudinalemittance,XZY+[ anda merit factorasa function of the pathlengthalongthe centraltrajectory. Here,x
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Figure 2. A topview of amuoncoolingring andaschematicdiagramof ahalf of a45degree
bendingcell
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Figure 3. mon-p=moq andr asa functionof z in a 45 degreebendingcell
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is thehorizontalcoordinateandits positive directiongoesoutsideof themuoncoolingring,
y is theverticalcoordinate,andthez goesalongthecentraltrajectorywith beam.With the
minimum s at 30 cm at the wedgeabsorbersandthe Lithium lenses,expectednormalized
vertical equilibrium emittance tZu<v<w xZyAz is 1.9 mm{ rad, and we obtained2.3 mm{ rad in the
ICOOL simulationwhich is closeenoughto theexpectednumber.

A merit factoris definedasa ratio of the initial normalized6 dimensionalemittanceto
thefinal normalized6 dimensionalemittance,multiplied by themuontransmission,without
including the muon decayfactor. With the averagemuon momentumat 500 MeV/c, the
averagesurvival factorof muonsdueto decayatz at1200m is 69%. Themerit factorin this
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Figure 4. x, y, z normalizedemittancesanda merit factorasa functionof z in theICOOL
trackingsimulationon the8 cell muoncoolingring
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simulationshowsamerit factorof around10 at z at1200m, whichcorrespondsto 42 turns.

3. A muon cooling ring with a Lithium lens with the � at 1 cm

We designeda race track ring model where a 1.08 m Lithium lens with the � at 1 cm,
sandwichedby two 9 cm long matchingLithium lens with the � at 5 cm, is installed in
a straightsection. Table2 lists parametersof the racetrack muoncooling ring. Figure5
showstheschematicdiagramof theracetrackring. Thecircumferenceis 64.8m, thestraight
sectionsare18.0m each. Figure6 shows �S�6�.�S� insidetwo matchingLithium lensesanda
centralLithium lens.Matchingof the � functionthroughamatchingLithium lensis doneby:�S���U����� = � �S�����<�S����� , ���Z�������8� = �N�8�F�<�S�C�.�����

where �S�C�.�����o�U�S�����U�S�Z�A� , and ��������� are an equilibrium beta function of the matching
Lithium lens,betafunctionsoutsidethe matchingLithium lens,andthe wave lengthof the
betaoscillationin thematchinglens.
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The setof Lithium lensesareconnectedto specialmatchinglattice which is shown in
Figure7. Maximum ¤S¥ and ¤S¦ are10.0m and12.9m respectively in a quadrupolemagnet
closeto theLithium lensset. Figure8 shows ¤S¥6§-¨N©-¤S¦ in four 4.50m long straightcellson
theothersideof thestraightsection.No Lithium lensis installedhere.Figure9 shows ¤S¥6ªU¤S¦ ,
and« in thewholeracetrackmuoncoolingring.

Figure 5. A schematicdiagramof aracetrackmuoncoolingring with aLithium lenswith the¬
at 1 cm
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Figure 6.
¬>­b®=¬o¯

asa functionof z in two matchingLithium lensesandin a centralLithium
lenswheretheminimum

¬
is 1 cm.
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Figure 7. µo¶-·=µo¸ asa functionof z in astraightsectionwith aLithium lensat the µ at 1 cm

Path Length (m)

β (m)

0

10

0 4 8 1 2 1 6

β

β

x

y

Figure 8. µo¶-·=µo¸ asa functionof z in astraightsectionwithout aLithium lens
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4. Conclusion

We designedan eight cell muoncooling ring by usingSYNCH, a storagedesigningcode,
with zero-gradientdipole magnetswith edgefocusing. We demonstratedthe6 dimensional
muonphasespacecoolingin theeightcell ring with atrackingsimulationcode,ICOOL, with
liq. ¹
º wedgeabsorbers,Lithium lenseswith » at 30 cm, RF cavities to compensatethe z
componentof themuonmomentum.

We designeda racetrackmuoncoolingring with 1 m long Lithium lenswith » at 1 cm,
with theSYNCH code.Studyis in progressto obtainthe6 dimensionalmuoncoolingin this
coolingring.
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Figure 9. ÁoÂ-Ã=ÁoÄ andÅ asa functionof z in a racetrackring
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Table 1. Comparisonof anelectrondampingring andtheMuonCoolingringÆ Damping Ring
phasespace x y z
Damping x’ synch.rad. y’ synch.rad. synch.rad.Ç

RF
Ç

RF ÈÊÉÌËÍÉÏÎ
Excitation x-x’ quantumfluct.

orbit change ËÍÉÏÐ+Ñ Ò
Partition # ÓÕÔJÖØ×�Ù 1 Ú Ç ×

¾ Cooling Ring with Wedge Absobers
phasespace x y z
Damping x’ y’ ÈÊÉÌË E

Ion.Cooling Ion.Cooling in Wedge
Excitation x-x’ ÛKÜÛ.Ý struggling

orbit change
mult.scat. mult.scat. ËÍÉÏÞ

Partition # 2-d 2 d
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Table 2. Parametersof an8 cell muoncoolingring anda racetrackmuoncoolingring
8 Cell Ring RacetrackRing

muonmomentum 500 500 MeV/c
Circumference 28.8 64.8 m
straightsectionlength 36.0 m
Structureof half cell 2 dipoleswith edges 2 dipoleswith edges
Numberof bendingcells 8 8
Numberof straightcells 0 8
bendcell length 3.6 3.6 m
straightcell length 4.5 m
max. ä bendingcell 1.8/2.7 1.8/2.7 m
min. ä bendingcell 0.30 0.30 m
max. å bendingcell 0.38 0.38 m
max. ä straightcell 10.0/12.9,6.5/6.3 m
min. ä straightcell 0.30 m
max.Quadgrad 22.7 Tesla/m
lengthof Lithium lens 59 125 cm/turn
equilib. ä in Lithium lens 0.30 0.01/0.05 mæoçéèoê6æ-ë

of Lithium lens 0.034 167/5.5 Tesla/cm
lengthof liq. ì
í wedgeabsorber 0.40 0.40 m/turn
energy loss 57 115 MeV/turn
dipolelength 0.2 0.2 m
dipolebendangles 44.2,-21.7 44.2,-21.7 degree
dipoleedgeangles 30/-3,-11/-11 30/-3,-11/-11 degree
dipolemagneticfield 6.5,-3.2 6.5,-3.2 tesla
RF cavity length 1.0 1.0 m
numberof RF cavities 8 15
RF frequency 201 201 MHz
total drift space 21.4 44.8 m/turn
Cell tunesbendcell 0.72/0.70 0.72/0.70
Cell tunesstraightcell 0.39/0.47,0.77/1.22
Ring tunes 3.09/3.75 2.87/2.80
chromaticitiesbendcell -0.86/-0.69 -0.86/-0.69
chromaticitiesstraightcell -2.75/-2.49,-9.29/0
momentumcompaction -0.062 -0.062
transitiongamma 4.02 4.02
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